The effects of moisture migration away from power cables depend strongly in most soils on whether the soil has reached the so-called critical conditions (e.g., critical temperature) for a dry-out. However, research on how to estimate this critical temperature has been limited. We solved numerically a differential equation for the planar case of steady-state coupled heat and mass transfer in porous media, using the van Genuchten-Mualem model for the hydraulic properties of the medium. The critical isotherm is assessed by the temperature at which the steepest change occurs in the moisture content with temperature. We considered the impact of the properties of the surrounding medium and of the ambient temperature and moisture content on the dry-out temperature. We found that seasonal variations in ambient conditions in a field in Italy have a greater impact on the critical temperature than the variations in soil properties in that field (under the assumption of a nearly uniform moisture content with depth). However, our analysis shows that, under certain conditions, a change in the van Genuchten parameter n and in a specific combination of parameters that we call a dynamic parameter can have as large an effect on the critical temperature. This suggests a direction in the optimization of backfill materials.
cables and that there are strong nonlinearities in the temperature and moisture-content dependence of the transport coefficients.
The theory of coupled heat, liquid water, and water vapor transport was established by Philip and De Vries (1957) . Nevertheless, more than two decades passed before critical conditions on the heat and moisture transfer of relevance for cable design were studied by Donazzi et al. (1979) , Hartley and Black (1981) , and Groeneveld et al. (1984) . Meanwhile, empirical studies of backfill materials advanced with progress on thermal measurements and numerical simulations (Abdel-Hadi and Mitchell, 1981; Boggs, 1982, and references therein) .
Numerical simulations of coupled heat and moisture transfer have been important for supporting the design procedures of cable installations (Groeneveld et al., 1984) and in comparisons of temperature profiles from model predictions and field experiments (Anders and Radhakrishna, 1988; Freitas et al., 1996) . Further development took into account in more detail atmospheric boundary conditions and the influence of moisture content on soil properties, e.g., in HYDRUS 2D/3D Saito et al., 2006) and other codes (Kroener et al., 2014) .
However, multidimensional numerical models of coupled heat and moisture transfer require experience in numerical methods and more computational effort than the two-zone model. In recent years, the interest in optimizing buried-cable ratings has been renewed in view of the need for growing the production of electrical energy from renewable sources. These produce predominantly intermittently and are integrated into the electrical network mostly in decentralized units, requiring power transport across long distances. Expansion of the electrical network performance while making the best use of the existing infrastructure is the subject of an incentive regulation in Germany since 2007 (Balzer et al., 2015) . As a result, new approaches are being explored to simplify the analysis (Kroener et al., 2017; Ocłoń et al., 2015) .
In this study, we investigated the implications of hydraulic properties in the steady-state coupled heat and moisture transfer equations on the parameters of the two-zone model. Our interest in the steady-state model is motivated by its importance for electrotechnical standards pertaining to buried cables and for fast operator decisions. We address the optimization of the cable surrounding material based on the effects of its hydraulic properties on the critical temperature for drying under given ambient conditions. For a parameterization of hydraulic properties, we used the van Genuchten -Mualem model (van Genuchten, 1980; Mualem, 1976) with an explicit temperature dependence as modeled by Grant and Salehzadeh (1996) . Based on the theory of Philip and De Vries (1957) , we obtained a differential equation for moisture content as a function of temperature on approaching the heat source in the steady-state one-dimensional case of coupled heat and moisture transfer in porous media. The one-dimensional case is of interest not only for a planar heater in a parallel slab geometry or for a cable embedded in bulk soil (assuming radial symmetry of the boundary conditions). With the application of conformal mapping (Carslaw and Jaeger, 1959) , the steady-state equation for the one-dimensional case is also pertinent to a conductor parallel to an isothermal ground surface. From the numerical solution of this equation for boundary conditions common in the literature, we computed the critical temperature as the temperature at which the absolute rate of change in the moisture content with temperature is the largest.
Benchmarking of the results of adopted models should ideally be done on field data. Due to the scarcity of published comprehensive data sets on hydraulic and thermal properties from field tests around underground power cables, we analyzed a synthetic data set for three soil types studied by Kroener et al. (2017) . Although we used different models for water pressure head and vapor diffusivity, we found a reasonable agreement with their results for the critical moisture content.
With knowledge of the critical temperature of the surrounding medium, simulations within the two-zone model can estimate the maximum allowed current of electric cable systems more accurately. We assessed the impact of seasonal variations on the critical temperature of the soil for a field in the literature (Baroni et al., 2010) , showing the importance of ambient conditions. Our analysis points at combined domains of values for the van Genuchten parameter n and a specific dimensionless combination of parameters that we call a dynamic parameter, which efficiently counteracts the decrease in the critical temperature caused by ambient conditions. It has been known for well over two decades that the addition of fine-grained material to a coarse sand increases its critical temperature under certain conditions (CIGRE Study Committee 21, 1992 ) and the heat flux density under critical conditions (Groeneveld et al., 1984) . However, a systematic quantification of the impact of hydraulic properties on the critical temperature of the backfill has been lacking. Thus, the dynamic parameter, representing the impact of material parameters on drying, may become a concept of special interest in the development of cable backfill materials to mitigate the adverse effects of ambient conditions on the critical temperature.
6 Theory, Methods, and Materials
Here we study the steady-state one-dimensional case of coupled heat and moisture transfer in porous media. We use the Philip-De Vries theory (1957) to obtain a differential equation for moisture content as a function of temperature on approaching a heat source. Definitions of variables are listed in Table 1 .
Heat and Moisture Transfer in Porous Media
The theory of Philip and De Vries (1957) studied moisture movement in porous media under thermal gradients in a continuum approximation of capillary flow. We study the steady-state case under the assumption of a zero total moisture flux and neglecting the effects of gravity. We demonstrate here that under those assumptions, the gradient of the volumetric liquid moisture content Ñq (further referred to as the moisture content) is proportional to the temperature gradient ÑT. These assumptions are also made in the two-zone model (CIGRE Study Committee 21, 1992) . The ensuing ability to relate temperature to moisture content is used in the main assumption of the two-zone modelthat a critical moisture content is present at those points in space around the cable at which the temperature is equal to the critical temperature. However, the influence of hydraulic properties on the critical temperature, as implied by this relation, appears to not have been quantified in the literature so far.
Our assumption of a steady state needs some explanation. The soil is an open system and moisture fluctuations in it can occur due to soil-water evaporation and rainfall. The temperature and the moisture content of the ground layer in the top few centimeters can be highly variable. However, below a certain relatively shallow depth (at about 0.2 m under a lawn and 0.5 m under pavement in the work of Asaeda and Ca [2000] ), intra-daily temperature changes are minimal as the heat absorbed by the top layers during the day gets dissipated during the night (Carslaw and Jaeger, 1959) . To reproduce temperatures below this shallow depth (i.e., below what is referred to as the top layer here) for geographic locations and times of the year where temperature gradients below this depth are much smaller than those induced in the presence of a current-carrying cable, a steady-state heat-transfer model can be formulated. (The depth range with low thermal gradients could extend to below 5 m or even down to 20 m [as found by temperature monitoring in the studies in Poland by Popiel et al. (2001) and in Cyprus by Florides and Kalogirou (2007) ].) For a Dirichlet r a outer annulus radius (Kroener et al., 2017) , m r c inner annulus radius (Kroener et al., 2017) , m R =8.314 J mol −1 K −1 , universal gas constant water pressure head at outer annulus radius (Kroener et al., 2017) , m Y cable water pressure head at cable surface in Kroener et al. (2017) , m Y e air-entry matric potential (Kroener et al., 2017) , J kg −1 boundary condition at the ground surface, such a model needs an effective ground surface temperature (ambient temperature), which is extrapolated from the depth range of low thermal gradient. For the time interval during which atmospheric conditions do not cause changes in temperature and moisture content below the top layer, a steady-state heat transfer model with the effective temperature imposed at its upper boundary will thus reproduce the temperature distribution in the ground for the corresponding depth range. In a pioneering work on hydrological stability, Donazzi et al. (1979) assumed the total moisture flux, which is a vector sum of the liquid water flux and the water vapor flux, q l + q v , to be zero. In this work, natural variations of the moisture profile were found to be negligible below a depth of about 0.75 m after about 2 mo without rainfall in a field located in a temperate climate zone. The interval between two rainfalls in this field was 2 to 3 mo. The effects of evaporation on the transfer of moisture from deeper ground layers to the atmosphere were thus estimated as insignificant. In a semiarid climate, evaporation may lead to larger moisture fluctuations in the soil developing over time. The range of validity of any effects to be derived under present assumptions in our work is restricted to correspondingly shorter time intervals.
Under the assumption that the total moisture flux is equal to zero, the liquid water flux and the water vapor flux, although each not necessarily constant in space, are in balance with each other at every point in the system. The gradient of moisture content (of volumetric liquid content) and the temperature gradient can then be expressed as follows from the work of De Vries (1958) 
where thermal conductivity, thermal moisture diffusivity, isothermal moisture diffusivity, and latent heat are temperature dependent (as well as unsaturated hydraulic conductivity K) and are given by the expressions 
On substituting the heat flux from Eq.
[2b] into [2a], we obtain the relation
Equations [2a] and [2b] describe the competition between vapor diffusion and capillary flow of the wetting liquid. They have been analyzed in one dimension by De Vries (1958) for samples of Yolo light clay and medium sand. For a constant temperature imposed on one end of the planar sample and a constant heat flux on the other end, the solution has a spike in the moisture content gradient at certain low moisture contents. At lower moisture contents, the temperature gradient has a steeper increase as the moisture content decreases.
We shall demonstrate with numerical solutions of Eq.
[3] in one dimension for various materials from the literature how a dramatic change in moisture content occurs with a small increase in temperature on approaching the heat source at certain moisture contents (for which the gradient has a spike). As implied by Eq.
[2a] and [2b], the constant heat flux does affect the magnitude of the temperature gradient. However, from Eq. [3] it is clear that it does not affect the moisture content value and the temperature at which the change in moisture content from one isotherm to the next is the highest in magnitude. This temperature can be used to define a dry-out isotherm of a material in the two-zone model, separating a zone of warmer, much drier soil from the moist and cooler soil.
The behavior of the moisture content with temperature described by Eq. [3] is only indirectly related to the change in thermal conductivity in the absence of vapor movement, l 0 , with a change in moisture content. For low moisture contents, l 0 depends on grain contacts (Clauser and Huenges, 1995) , and a sharp increase in thermal conductivity occurs with a decrease in the thermal contact resistance between the grains as saturation increases.
Hydraulic Properties
The moisture content q is related to the effective saturation (dimensionless water content) S E as r E s r
where q s and q r indicate saturated and residual values of the moisture content. We use the van Genuchten model (1980) for the relation between the water pressure head and the effective saturation:
with a constraint m = 1 − 1/n, where a (m −1 ) and n (dimensionless) are parameters obtained by fitting the water retention data at a particular temperature. From an equation given by Mualem (1976) , van Genuchten derived for m = 1 − 1/n the expression for the relative hydraulic conductivity in the form
The unsaturated hydraulic conductivity depends on the effective saturation as K = K s K r (S E ), where K s is the saturated hydraulic conductivity (m s −1 ). The latter depends on the dynamic water viscosity m (Pa s) and on the permeability of the porous medium k (m 2 ) as K s = r l gk/m. For m, liquid density and vapor properties, we use the temperature-dependence models shown in Appendix B.
From Eq.
[5], the water pressure head can be expressed in terms of S E as ( )
Grant and Salehzadeh (1996) investigated the temperature dependence of the water pressure head by fitting capillary pressure curves in two soils at four different temperatures. They obtained, for the partial derivative with respect to temperature,
where T r is a reference temperature and b 0 < 0 is an empirical constant (both expressed in Kelvin). Grant and Or (2004) found b 0 to increase approximately logarithmically in magnitude with the mean particle diameter, and the fitted values were between −380 K (used here) and −675 K for the range of mean particle diameters between 2 and 100 mm. On substituting Eq.
[7] into Eq.
[8], a differential equation is obtained for 1/a as a function of temperature. Integrating over temperature, a linear temperature dependence is obtained for 1/a, and the water pressure head can be expressed as ( )
where a r = constant = a(T r ). For b 0 = −675 K, the temperature dependence of the water pressure head is about four times weaker than that for b 0 = −380 K.
Conditions for a Steep Change in Moisture Content with Temperature
The coefficients of proportionality of the water and vapor fluxes on the gradients of moisture content and temperature vary over orders of magnitude in particular ranges of the effective saturation at a given temperature (Freitas et al., 1996) ; furthermore, they are temperature dependent.
A qualitative understanding of the behavior of the proportionality coefficient between the moisture content gradient and the temperature gradient in Eq.
[3] can be obtained by recalling that terms D T l and D ql are proportional to the unsaturated hydraulic conductivity K, while the terms D Tv and D qv are proportional to the soil water vapor diffusivity D. Freitas et al. (1996) used a similar model for these terms and plotted them as functions of moisture content at one particular temperature for what they referred to as a typical soil. Here the terms D Tl and D ql were at least two orders of magnitude larger than the terms D Tv and D qv , respectively, for an effective saturation of 0.80. As the moisture content decreases, the relative hydraulic conductivity decreases and the air-filled porosity (and consequently D) increases. The terms D Tv and D qv are also proportional to the relative humidity, but the humidity decrease is much less pronounced with the moisture content decrease, except for a very low moisture content. For these reasons, the term D Tv gains in importance relative to the term D Tl , and the term D qv increases relative to D ql as the moisture content is reduced from near full saturation.
In the one-dimensional case, a differential change in moisture content along the spatial coordinate axis (e.g., on approaching the heat source) is directly related to the corresponding differential change in temperature along this axis. For the ratio of these differential changes on approaching the heat source, it follows then from Eq.
One example of a system where the one-dimensional case is realized is that of a slab of soil that, at its top surface (ground surface), has a uniform temperature T a and a uniform effective saturation S E,a , and it has a uniform planar heat source at the bottom surface. We shall focus on this case, as the solution of the Laplace equation for steady-state heat transfer between a cylindrical isothermal surface (buried cable) and an isothermal plane (ground surface) is obtained by conformal mapping from the solution of this case (Carslaw and Jaeger, 1959; Luoni et al., 1972) .
Another example where Eq.
[10] is applicable is that of a radially symmetric system with a cable at its axis as a simplified model of heat and moisture transfer around a cable embedded in bulk soil. This model is of interest for comparison with other coupled heat and moisture simulations (Kroener et al., 2017) . Boundary conditions of a constant temperature and a constant effective saturation are imposed, e.g., at the outer cylindrical boundary.
In both of these models, integration of the ordinary differential Eq.
[10] gives a moisture profile with temperature. 
Calculating partial derivatives of the water pressure head from Eq. ( )
where the reference temperature for the parameter a r was taken as T r = 298. 
To group the parameters in Eq.
[12] into as few factors as possible and thus facilitate the study of the effects of material properties on the ratio D Tv /D Tl and drying in general, we introduce a dimensionless dynamic parameter d:
From Eq. Just as in the case of modeling the temperature dependence of the capillary pressure (Grant and Salehzadeh, 1996) , the choice of effective saturation in Eq.
[15] can be adjusted for any model, e.g., Brooks-Corey or the Campbell model (Campbell and Shiozawa, 1989) . Using the present definition in Eq. [14] , the dynamic parameter is related to measurable properties, and the influence of uncertainties in the fitting parameters is limited to the uncertainty in the effective saturation S E = 1/2 m = 2 1/n−1 at which they are measured. The latter uncertainty depends only on the uncertainty in determining parameter n and not parameters a and q r . For a deviation of 7% from n = 1.35 (Baroni et al. [2010] for Soil 5 in Table 2 ), S E = 2 1/n−1 = 0.84 ± 0.03.
Materials Selection
For hydraulic parameters, we used data from natural soil samples studied in the literature, as shown in Table 2 . We also studied ranges of hydraulic parameters to investigate opportunities for backfill materials.
The selection of natural soils was made among loamy soils based on (i) the availability of their saturated hydraulic conductivity data and published parameters for the constrained van Genuchten model, and (ii) the similarity of their values of parameter n or dynamic parameter d (Table 2) .
Temperature and moisture content distributions were monitored in the field (without heat generation) and studied in numerical simulations for Arlington sandy loam by Saito et al.(2006) ). In a different study (Wang et al., 1998) , the grain size distribution for an Arlington fine sandy loam sample was found to consist of 63% sand, 30% silt, and 7% clay. We found that for the same surface conditions, this material has a significantly smaller critical temperature than clean sands. Hence, to have an estimate of how efficient a backfill material needs to be in heat dissipation, we may consider these loamy soils as examples of native soils needing to be exchanged for a backfill material in (warmer) parts of a power cable line in certain climates.
It should be kept in mind that saturated hydraulic conductivity depends on temperature and that its measurement is difficult, with values varying depending on the method used and an uncertainty of >25% from a single method being not uncommon (Saito et al., 2006) .
Numerical Solution of an Initial Value Problem
We solved Eq.
[12] numerically with the four-step RungeKutta algorithm (Press et al., 1992) as an initial value problem Table 2 . Parameters for six types of soils studied in the literature, including saturated and residual water content (q s and q r , respectively), saturated hydraulic conductivity (K s ), van Genuchten parameter a at the reference temperature (a r ), van Genuchten parameter n, and dynamic parameter d. (Saito et al., 2006) . ‡ In aggregate, from different samples . § Loam: 44.5% sand, 31.5% silt, 24% clay; sandy loam: 65% sand, 32% silt, 3% clay (Baroni et al., 2010). with specified values of the effective saturation S E = S E,a and temperature T = T a at the surface, e.g., farthest away from the heat source (further called the ambient effective saturation and ambient temperature). The initial value problem and the initial conditions refer to the evolution of a property as a function of one variable-here, temperature. We assumed that a steady state can be established for the time interval of interest (e.g., for a sufficiently small heat flux and small variability of temperature and moisture content during this time interval). With that assumption, it is not important what particular surface conditions are present at the time of laying the heat source in the ground, but only what effective saturation value is sustained at (or near) the surface in the ground when the system reaches a steady state. The values for ambient parameters to be used for numerically solving Eq. [12] signify extrapolated values from the sustained near-surface values. Thus they represent in general no actual or average values at the surface but the values that a steady-state system would have at the top surface while having the same temperature distribution below this near-surface depth.
[12] for a range of different initial conditions in order to explore the effect of hydraulic properties on the critical temperature under various ambient conditions. In doing so, we performed only a limited and not a comprehensive sensitivity study: our goal was to illustrate the concept of the critical temperature and to find candidate parameters for future studies to design better backfill materials.
Determination of the Critical Temperature and the Critical Effective Saturation
The graph in Fig. 1 shows how the effective saturation changes as the soil temperature increases on approaching the heat source for different values of the ambient effective saturation. The ambient temperature was fixed at 20°C. Each curve exhibits a region of a large reduction in effective saturation on a slight increase in temperature in a certain, very narrow temperature range. This corresponds to a significant increase in the ratio D Tv /D Tl with increasing temperature (as can be seen by solving Eq. [12] when the term D qv /D ql is neglected; see also the discussion of these terms preceding Eq. [10]). In this region, there is dramatically less moisture on approaching the heat source. On further approach, there is a sharp rise in temperature needed to further reduce the effective saturation of the soil. This trend is a result of a large increase in the D qv term as the temperature increases. At the lowest effective saturation, the liquid is present, at most, as adsorption films on pore walls, and the present model is not applicable. It should also be mentioned that already for moisture contents below the point of loss of liquid continuity (where D Tv /D Tl is on order of unity), the effects of partially drained pores (Tuller and Or, 2002 ) could lead to inaccuracies in calculating the shape of this curve.
In the region where minimal changes in temperature result in large changes in the effective saturation, a dry-out temperature T c can be defined. It is the temperature at which the magnitude of the derivative dS E /dT is at its maximum. The term critical temperature is commonly found in the literature (CIGRE Study Committee 21, 1992) to signify that above it, flow is present in only one phase. The difference between the critical temperature and the ambient temperature is referred to as the critical temperature rise DT c = T c − T a . We define the critical effective saturation (and the corresponding critical moisture content) at particular ambient parameters as the effective saturation at which the critical temperature is reached.
Test on Generic Data from the Literature
To test our determination of the critical parameters, we used generic data for three of the soils from the study of Kroener et al. (2017) : sand, loam, and sandy clay. In one of their examples, data were generated for a steady-state radial problem of a cable embedded into bulk soil. This was done with a simulation of coupled heat and moisture transfer in an annulus around the cable (outer annulus radius r a = 0.075 m, inner radius equal to the radius of the cable, r c = 0.025 m). At the outer boundary of this domain, a constant temperature T a and a constant water pressure head Y a Fig. 1 . Variation of effective saturation S E with temperature for varying ambient effective saturation S E,a , ambient temperature 20°C, and surrounding-medium parameter values those of Soils 1 and 3 from Table 2. were assumed (which we call here ambient values), while a constant heat flux and a no-flow condition were imposed on the moisture content at the cable surface.
Simulation runs were performed for a series of gradually decreased values of the water pressure head Y a until the liquid water flux q l at the cable surface became equal to the moisturegradient-driven vapor flux at the cable surface. This was assumed as a critical condition (at the cable surface). The water pressure head, Y cable , and the temperature, T cable , at the cable surface were plotted for this case in Kroener et al. (2017, Fig. 8 ) for a series of heat flux values.
The simulation in their work was simplified to omit the temperature-driven liquid water flow. The criterion (Kroener et al., 2017, Eq. [24] ) taken to determine the critical moisture content corresponds to D qv = D ql . The water pressure head was modeled by the Campbell model (Campbell and Shiozawa, 1989) .
We fitted the water pressure head curves for the three soils to a constrained van Genuchten model, with m = 1 − 1/n, and we also assumed that porosity and saturated hydraulic conductivity were equal to the corresponding Campbell parameters given by Kroener et al. (2017) . We assumed T a = T cable and solved Eq.
[12] for a range of ambient saturations S E,a using the fit values of n, a, and q r and the given values of q s and K s . For a given S E,a in a moist range, we determined the critical temperature as the temperature at which the magnitude of dS E /dT is at its maximum. This was repeated for progressively smaller values of S E,a until such a value S E,c was reached that the system can be considered already dry in the sense of a two-zone model, as manifest by a decreasing magnitude of dS E /dT on approaching the heat source (in Runge-Kutta steps of successively higher temperature). The value S E,c was thus determined to be the critical effective saturation at T a = T cable . The critical moisture content q c is calculated from S E,c using Eq. [4].
Results

Test of Critical Parameter Prediction
The parameters given by Kroener et al. (2017) for the three soils and our results of fitting a van Genuchten model to their modeled water pressure head data are shown in Table 3 . The calculated value of the dynamic parameter (Eq. [14] ) is also shown. Table 4 shows our results for the critical moisture content next to those obtained by Kroener et al. (2017) . These three examples show a good agreement of the two approaches. Although we used different models for water pressure head and vapor diffusivity, our results are only up to about 0.01 m 3 m −3 higher, while the uncertainty of reading off published results from the graph is about 0.005 m 3 m −3 . That our results should be slightly higher is expected: the criterion adopted by Kroener et al. (2017) for the critical condition D qv = D ql has an onset at a lower value of the moisture content than obtained from the maximum slope of dq/dT (in magnitude) with our modeling of the terms D Tv , D Tl , D qv , and D ql .
Influence of Hydraulic Parameters on Critical Temperature
With moisture content decreasing from intermediate to very low values, the relative hydraulic conductivity K r changes steeply, while the soil water vapor diffusivity D does not. How steep the decrease in effective saturation is for a unit increase in temperature on approaching the heat source is therefore strongly influenced by the relative hydraulic conductivity. This influence is less prominent in media with lower values of the dynamic parameter d (for fixed a r and b 0 ). As can be seen from Eq. [10]. We shall examine the influence of the parameter n and the dynamic parameter d on the critical temperature. Figure 2 highlights the dependence of the critical temperature for an ambient temperature of 20°C on the ambient effective saturation S E,a and on the van Genuchten parameter n. Here, parameter d was taken as 1.4, as obtained from the average values of saturated water content, residual water content, parameter a r , and saturated hydraulic conductivity K s = r l gk/m for the fine sandy loam in Table 2 .
As expected, the critical temperature increases monotonically as the ambient effective saturation S E increases. Furthermore, for fixed values of S E and the dynamic parameter d, the critical temperature has a dramatic increase across a particular range of the van Table 3 . Parameters for three types of soils, including saturated hydraulic conductivity (K s ), air-entry matric potential (Y e ), soil texture parameter b, saturated and residual water content (q s and q r , respectively), van Genuchten parameter a at the reference temperature (a r ), van Genuchten parameter n, and dynamic parameter d for comparison with simulation results by Kroener et al. (2017) . 1.34 ± 0.02 17.6 † "Sand" contains 5% silt, 3% clay; "loam" is 40% silt, 18% clay; "sandy clay" contains 7% silt and 40% clay besides sand. ‡ Saturated volumetric water content and the parameters of the Campbell model (Campbell and Shiozawa, 1989) as given by Kroener et al. (2017) . § Our results from fitting the van Genuchten model to 50 sampled datasets of Campbell-modeled points. ¶ The dynamic parameter calculated using K s , q s , q r , a r , and n and assuming empirical constant b 0 = −675 K (weak temperature dependence of the water pressure head).
Genuchten parameter n (the range being S E dependent). We shall consider this behavior again below when considering the selection of backfill materials. Figure 2 exhibits another feature. At very low values of n (less than about 1.5 for the present value of the dynamic parameter), a steep increase in the critical temperature along the constant-n lines occurs at higher ambient effective saturation as n decreases. In this context, reducing the value of n (e.g., by adding finer grained material to the surrounding medium under certain conditions, such as keeping a r and d constant) is expected to increase its critical moisture content. This is consistent with the critical moisture content results from CIGRE Study Committee 21 (1992): the value for the sampled clay/silt soil is quite higher than those for a sandy soil, selected sands, or crushed rock.
However, if adding fine-textured material lowers permeability, this raises the value of the dynamic parameter d and lowers the critical temperature (for fixed parameters n and a r ), as demonstrated in Fig. 3 . This figure shows the dependence of the critical temperature at an ambient temperature of 20°C on the parameter d and on the van Genuchten parameter n for the ambient effective saturation S E = 0.30 and the parameter a r = 2.77 m −1 .
The ambient conditions play an important role in how much heat can be transferred away from a cable. Figures 4 and 5 show the critical temperature rise DT c = T c − T a as a function of T a and S E , respectively, for the first five cases from Table 2 , as determined by respective values of parameters n, d, and a r . Figure 4 shows the dependence of DT c as a function of ambient temperature at a fixed ambient effective saturation of 0.30. As T a increases, DT c decreases. The decrease becomes less prominent for larger ambient temperatures.
As the ambient temperature increases from 25 to 35°C, the largest decrease in Fig. 4 in DT c , equal to 5.7°C, is exhibited in the case of n = 1.48, d = 0.75, while the lowest decrease, equal to 4.1°C, occurs in the case of n = 1.38, d = 1.4 . On comparing the two cases of n = 1.45 with slightly different a r values, there is a substantial decrease in DT c with the increase in dynamic parameter d from 0.75 to 1.9. This is an example of a steeper reduction in the moisture content with temperature (faster drying), as the ratio D/K increases. Figure 5 shows the dependence of DT c as a function of ambient effective saturation at a fixed surface temperature of 25°C. The value of DT c is smaller for lower ambient effective saturation, as expected for less moist soils. Figure 5 shows a high sensitivity of DT c at T a = 25°C to a moderate change in ambient effective saturation such as an increase from around 0.30 to around 0.35. For example, for the Table 4 . Comparison of the critical moisture content q c to simulation results by Kroener et al. (2017) . case of n = 1.38, a change in the ambient effective saturation from 0.30 to 0.40 corresponds to a change in the critical temperature rise from 15.7 to 34.8°C.
It is also of interest to note that the difference in the increase of the critical temperature between cases of different n but of the same parameter d becomes very small close to the saturated state, reflecting the fact that the sensitivity of effective saturation to n in the van Genuchten model decreases toward the saturated state.
Critical Temperature under Field Conditions
A buried electrical cable (conductor) can be modeled by an isothermal cylindrical heating surface (Carslaw and Jaeger, 1959, p. 451) due to a high thermal conductivity of the conductor in comparison to that of the soil. The solution to the Laplace equation for the steady-state temperature field around an isothermal cylindrical heater parallel to an isothermal ground surface is obtained by applying conformal mapping (Carslaw and Jaeger, 1959) . The half-space region between the cable and the ground surface is mapped onto a region between parallel planes, each at a constant temperature corresponding to that of the respective cable surface or the (effective) ground surface temperature. The isothermal surfaces in the planar model are planar and, on moving away from the plane with the ground surface temperature, they correspond to (non-concentric) isothermal cylindrical surfaces in the cable model. (The two-zone model assumes that the drying surface is an isotherm and maps it conformally to a plane [Donazzi et al, 1979] .) Therefore, the two-zone model of drying of the soil around cylindrically shaped cables is analogous to that in the planar case discussed in relation to Eq. [12] .
In this study, we focus on systems in which (i) thermal gradients are small in the absence of current-carrying cables and (ii) below a few tens of centimeters the relaxation of temperature and effective saturation in response to changes in atmospheric conditions is occurring much more slowly than the relaxation of the system due to Joule heating. Under these assumptions, we can use the steady-state model to estimate the impact of a change in ambient conditions and in hydraulic properties on the critical temperature around an electrical cable buried parallel to the surface.
An increase of 0.05 in effective saturation can occur in a 25-cm-thick surface layer of loam in a moderate climate during the course of several days of rainfall (Guber et al., 2009 ). The surface layer in their case was highly saturated and the expected increase in the critical temperature is not large. For the cases shown in Fig.  5 , the increase in DT c is <4°C as the ambient effective saturation changes from 0.65 to 0.70.
However, in a drier climate, the soil moisture content is relatively low, and the effective saturation may drop naturally into an intermediate range (Saito et al., 2006) for which the critical temperature rise is significantly impacted by small changes in the moisture content.
Seasonal Variations
Measurements of soil moisture content and hydraulic properties are available for a significant part of a year, from June until October, from an experiment of Baroni et al.(2010) near Milano, Italy. Temperature profiles in the ground desirable for a heat transfer simulation were not measured in this work, but it is interesting to compare the dependence of the critical temperature rise for some soil types in this field as a function of ambient temperature for different (seasonal) moisture content conditions. Four horizons were identified in the field, from which we focus on two, one at the 55-to 90-cm depth with n = 1.45 and a dynamic parameter of 1.9, and the other at the 10-to 40-cm depth with n = 1.35 and a dynamic parameter of 0.65 (Table 2 ). The volumetric water content was measured at depths of 20, 35, and 70 cm. The results were given as an average (weighted by layer thickness; Fig. 6 in Baroni et al., 2010) , suggesting that the volumetric water content did not vary much spatially below the depth of 20 cm. The effective saturation appeared to stabilize at the end of the monitoring period (5-10 October) and can thus be taken for autumn as 0.64. In the summer (30 June), the effective saturation was 0.40. Fig. 4 . Dependence of the critical temperature rise DT c on the ambient temperature T a at ambient effective saturation S E,a = 0.30 for the first five cases of soil hydraulic properties in Table 2 . Fig. 5 . Dependence of the critical temperature rise DT c (over the ambient temperature T a fixed at 25°C) on ambient effective saturation S E,a for the first five cases of soil hydraulic properties in Table 2 .
In Fig. 6 , the dependence of the critical temperature rise on the ambient temperature is shown for two selected cases of hydraulic parameters, each for two seasonal values of the ambient effective saturation from the study of Baroni et al. (2010) . The prediction of the critical temperature here is based on the assumption of a homogeneous ground with S E,a equal to the field average determined in the absence of cables. Under this assumption, the influence of the seasonal change in ambient effective saturation on the critical temperature rise is seen in Fig. 6 to be much larger than that of the material parameters of the local soil. For the sample with d = 1.9, the critical temperature on a dry day in the summer at the assumed ambient temperature of 20°C is 39.3°C, while in autumn, at an ambient effective saturation of 0.64, the critical temperature is 66.3°C. This decrease by >27°C from the autumn to the summer value is also seen in the critical temperature for the sample with d = 0.65 at the ambient temperature of 20°C: from 71.6°C in autumn to 43.6°C in summer. The seasonal contrast is even sharper when one takes into account that typical ambient temperatures in the summer are higher than those in the autumn.
Optimization of Backfill Materials
A question arises whether an exchange of the ground material around the cables for a material with other parameters could increase the critical temperature enough to efficiently lower the impact of, e.g., dry and warm ambient conditions. It also needs to be considered that the moisture content may drop on embedding one material next to another because their water pressure head difference is reduced on contact (Donazzi et al., 1979) . (This is the case when the two materials have, e.g., comparable values for the van Genuchten parameter n but very different values for parameter a r .) Figure 7 is plotted for an ambient effective saturation of 0.40 (summer conditions in Fig. 6 ), ambient temperature of 25°C, and a fixed parameter a r = 2.77 m −1 (for comparison to Fig. 3) , varying the parameters n and d in a common range for soil and backfill materials. It shows that at T a = 25°C, materials with parameters n and d in the range of, e.g., 1.54 < n < 1.76 and 0.025 < d < 0.1 have a critical temperature >87 ± 0.5°C, which is higher than the critical temperature for the loam with a r = 1.9 m −1 , n = 1.45, and d = 1.9 from Baroni et al. (2010) at the autumn value of 0.64 for ambient surface saturation. Furthermore, numerical solution for a fixed dynamic parameter d = 0.1 and different a r values in the range from 0.6 to 6.0 m −1 and 1.4 < n < 1.8 shows that the critical temperature has a very low sensitivity to a r . It varies <0.1% for a given n as a r changes in the range represented by the materials in Table 2 . This range of a r values contains the values for which at S E,a = 0.4 the water pressure head of the embedded materials from a large range of n values is the same as that of the soil sample from Baroni et al. (2010) . Therefore, prevention of drying for the corresponding loam field is possible by selecting for backfill in the cable vicinity a material with appropriate parameters, e.g., van Genuchten parameter in the range 1.54 < n < 1.76 and parameter 0.025 < d < 0.1, and adjusting the value of parameter a r so as to equate the water pressure heads of the backfill and the original material at the lowest summer value of the ambient moisture content.
More generally, if it can be ensured that the ambient moisture content on embedding does not drop below the lowest summer value in the original material (at the same ambient temperature), then using a material with parameters n and d within a range determined by a similar analysis as a backfill is expected to prevent the seasonal development of a dry-out zone. The low value of parameter d corresponds to higher hydraulic conductivity materials when other parameters in Eq. [14] are kept constant.
From this analysis we conclude that, for given constraints of field conditions and the water pressure head of the soil, the dynamic parameter can be used for optimization of the critical temperature of backfill materials. Fig. 6 . Dependence of the critical temperature rise T c on the ambient temperature T a for two cases of soil hydraulic properties as specified by the van Genuchten parameter n, the dynamic parameter d, and van Genuchten parameter a r values given in Table 2 (Soils 5 and 6), each with two cases of ambient effective saturation S E,a : 0.40 (summer conditions) and 0.64 (autumn conditions). The assumption encountered early in the application of the two-zone model, that the critical temperature rise is independent of the ambient temperature, is to be made with caution. This assumption is supported in the range of some common soil and backfill materials and operating conditions by the calculations of the critical temperature in CIGRE Study Committee 21 (1992). These calculations were accurate for the case of lower ambient temperatures in conjunction with the soil ambient water saturation being close to the so-called critical saturation. (Under such conditions, the term D Tl in Eq.
[3] can be neglected.) Additionally, the temperature dependence of the water viscosity, water vapor diffusivity, and temperature derivative of the water vapor density, as well as the temperature dependence of capillary pressure, was neglected. We solved the differential equation for the effective saturation as a function of temperature on approaching the heat source in a onedimensional model using the van Genuchten-Mualem model for the surrounding medium. This has enabled us to display graphs of the critical temperature across a wider range of ambient and material parameters.
Beyond the two-zone model, the effect of the ambient effective saturation and the ambient temperature on the cable conductor temperature has been demonstrated in the work of Freitas et al. (1996) and others (Kroener et al., 2014) . We demonstrate that the effect of seasonal variations in ambient conditions in the two-zone steady-state model can be much larger than that of variations in the hydraulic properties of the local soil. However, using the dynamic parameter, a range of parameter values can be identified to develop desirable backfill materials in which the effect of dry and warm conditions on the local soil in the summer is expected to be effectively cancelled.
Drying out in fine-grained soils is of interest because such soils might still have a good grain contact at the onset of the cessation of moisture motion. However, clay shrinkage (Schindler et al., 2015) can open cracks around power cables and is to be avoided.
In line with the assumptions implied in cable rating procedures (CIGRE Study Committee 21, 1992), we considered a homogeneous medium in this study. A case of vertical stratification close to the surface above the depth where moisture content stabilizes (here referred to as the top layer) could also be taken into the steady-state model for the calculation of the critical temperature (although with altered extrapolated temperature and moisture content values for the ground surface). Below this depth and above the cable, any significant variability in hydraulic and thermal properties along the vertical in the cable vicinity cannot be taken into account by the present model. The cable trench design practices could, however, provide more homogeneous surroundings for cables by excluding vegetation with extensive root systems (CIGRE Study Committee 21, 1992) and by using backfill materials and appropriate trench dimensions. Field testing of hydraulic and thermal properties and of moisture content and temperature before installing the cables is thus also important to verify how stable the moisture content is and to accurately model ambient conditions. The model assumptions for the soil vapor diffusivity, unsaturated hydraulic conductivity, and water pressure head (both regarding the role of the empirical parameter b 0 and the use of the van Genuchten model vs. other models) affect prediction of the critical temperature, and their influence should be further investigated. Although the van Genuchten-Mualem model has become the most common parameterization of hydraulic properties in mathematical models for flow and transport in porous media (Vereecken et al., 2010) , its limitations and possible extensions should be kept in mind. In particular, the van Genuchten model is accurate only for unimodal pore size distributions. Also, it accounts for flow only in completely filled, cylindrical pores and thus gives a biased description of hydraulic properties at low moisture contents (Peters et al., 2015) . A comprehensive combined testing of soil and backfill materials (Smits et al., 2010; Drefke et al., 2015 Drefke et al., , 2017 regarding their hydraulic and thermal properties is important for model selection and calibration. Moreover, the behavior of thermal conductivity with effective saturation at increased temperatures is of importance for validation and improvements of the two-zone model. Although numerous model assumptions are involved in predicting the critical temperature for drying, our results point out that the influence of hydraulic properties on drying in the vadose zone can be studied in terms of a few parameters, which can be used for optimization of buried electrical installations.
6 Appendix A
In this appendix, we detail the forms of the water vapor flux and the liquid water flux used in our model. We start with the theory of Philip and De Vries (1957) , which expresses the vapor flux q v (kg m −2 s −1 ) using the vapor diffusion equation modified for a porous medium:
where r v is the density of water vapor (kg m −3 ) and D is the water vapor diffusivity in a porous medium (m 2 s −1 ), related to the tortuosity factor t of the porous medium as a a
where D a is the molecular diffusivity of water vapor in air (in m 2 s −1 ) and q a is the volumetric air content (air-filled porosity) of the medium (in m 3 m −3 ). (Similarly to Saito et al. (2006) , we omitted the "mass flow factor" of the Philip and de Vries formulation. This factor is close to unity in what is referred to by them as most applications to nature.) The vapor density in a porous medium is a product of the density of saturated water vapor above pure water, r 0 , which is temperature dependent, and relative humidity, H r . Its temperature dependence is taken into account in Philip and De Vries (1957) 6 Appendix B
We model the temperature dependence of dynamic water viscosity as given by (Weast, 1988) where m 20 = 1.002 ´ 10 −3 Pa s is the dynamic viscosity at 20°C and T ¢ = (T − 273.15 K)/1 K. The temperature dependence of water density is given by (Weast, 1988) ( ) where T 0 = 273.15 K and the dependence of the soil water vapor diffusivity on the moisture content comes from the other two factors in Eq.
[A2], the tortuosity factor and the air-filled porosity.
